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where

G,(kr) = J,(kr)iV,(kR) – N,(kr)J,(kR) . (5)

For a uniform X/4-transmission line

where ZO is the characteristic impedance of
the line. By setting the right-hand sides of

(4) and (6) equal, the equivalent Z, of the
radial antiresonant line may be solved. It

becomes

In Fig. 2, the dependence of ZO on r/io is
plotted in the case of the lowest antireso-

nance. In the same diagram, the characteris-

tic impedance of a strip line with a strip
width equal to the mean circumference of
the radial line is also presented for compari-
son. In both cases, a distance d of X/10 and

air filling is assumed but the results may
easily be calculated for other distances and
fillings, by multiplying with d/O. 1X and
dividing with &, as is seen from (7). For
solving the equation FI (kot-) = O, we refer to
a diagram in [2]. The Q of the resonator,

calculated by definition (8), leads to (9).

@o’enew stored in the resonator
Q = –——

average power loss in the walls
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R, is the surface resistance of the resonator

material at the given frequency. For a
linear combination Ffl of Bessel and Neu-
mann functions of order p

J
rFP2(by)dy

= : [Fr’(kr) - FP_,(kr)Fz+,(kr) ] (10)

is valid. Noting that F,(kg~) = O and

FO(kiIR) = O we see that
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thus giving the value of Q:

Q - “::’

s

The factor in brackets is practically a con-
stant depending on values of d only and can
be approximated with R/ (R +d), the error
being within a few percent. This is the case

of the cylindrical resonator ([3], p. 428) and
can directly be deduced from (12) by omit-
ting the terms with r.
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A Novel Strip-Line Circulator

A circulator with strip-line inputs has

been developed which incorporates a single
disk of yttrium aluminum iron garnet

(YAIG) on one side of the center conductor
and a large, metallic short circuit on the
other side. The short circuit can be the
magnet necessary to bias the garnet to the
optimum field for broadband circulation.
The basic design is shown in Fig. 1. The
center conductor junction is round with

alumina loaded quarter-wave transformer
coupling to the 50-0 input lines. Compared

to a standard circulator with two YAIG

disks operating in the same frequency
range, the center conductor diameter is

somewhat larger and the transformers of
somewhat lower impedance. The metallic

disk is smaller than the center conductor
diameter and is one of the factors which de-
termine the resonant frequency of the
junction. The performance of a typical unit
is plotted in Fig. 2, This isolation charac-

teristic is double humped and ranges from
30 to 40 dB across a 13.7 percent frequency

band. The insertion loss is 0.2 dB across the
same band.

In order to understand the modal con-

figuration which allows circulation to exist
in this design, a completely air loaded

two-port transmission structure was built

as shown in Fig. 3. The junction diameter

was kept the same as the circulator. A large
number of small diameter probing holes
were included in the walls and the fields
were examined at the resonant frequencies
of the structure. The lowest mode occurs at
1.48 GHz. The magnetic field lines are con-
centric circles about the axis of symmetry.

The maximum “h” field intensity occurs
around the short-circuiting disk and con-
tinuously decreases to a minimum at the

center of the opposite side of the structure.
This mode, by itself, cannot be used for
circulation. In a three-port structure, with

the ferrite and alumina in place, the mode
would occur at approximately one third the
frequency of the circulator. The mode of in-
terest for circulation was found at 4.92
GHz and has the field pattern of Fig. 4.
This pattern is similar to the dipolar mode

Manuscript received October 6, 1965.
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Fig. 1. Exploded view of a three-port circulator with
metallic short between the center rmnd”ctor and
ground.
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Fig. 2. Isolation and insertion loss char-
acteristics of the circulator.
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r?Ig. 3. Two-port air loaded resonant structure.

described by Fay and Comstock,’ In a sym-
metrical three-port configuration with a
magnetized ferrite disk in the junction re-

gion, this pattern can be rotated in the
proper manner for circulation.

It is also possible to extend this matching

‘ C. E., RaY. and, R. L. Comstock, ‘(Operation of
the ferrite lunctlon circulator, ” IEE T?aTzs, ox MiCVO.
wane Theo~y and TechF~;qwe$, Vol. MTT.13, PD. 1s–27
January 1965.



1966 CORRESPONDENCE

SIDE WALLS , ,
,,

!,

f

METALLIC
DISK

f*4.92 GHz ,

---:h FIELD A B

@@:Ez FIELD h FIELD DISTRIBUTION

Fig.4. Field patterns of the modeof
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Fig. 5. Folded waveguide structure
with stnp-hneinput.

solution to the folded waveguiding structure
shown in Fig. 5. The dominant mode in this

structure has a TE1o like pattern which is
folded back on itself at both sides of the

waveguide. Some of the characteristics of
this waveguide are the following: 1) Because

of the reduced aspect ratio, the waveguide
is low impedance. 2) The cutoff frequency

is considerably reduced colmpared to a
standard waveguide of similar external di-

mensions. 3) It is relatively simple to match

into this waveguide from in-line coax or

strip line. In addition to being useful for

circulator design, this field configuration

permits the design of broadband waveguide-
type components with simple in-line coaxial

terminals.
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On Nonresonant

Perturbation Measurements

A perturbation measurement technique
has been developed at Stanford University

which determines the phase and field
strength at a point inside a microwave struc-
ture by measuring the reflection produced
at the input Port by a perturbing bead. The
theoretical basis for the measurement is
presented in this issue by C. Steele [1].
Some applications and experimental con-

siderations of the technique are presented
here.

Manuscript received October 11, 1965. The work
reported in this paper was supported by the U. S.
Atomic Energy Commission.

A typical experimental setup is shown

schematically in Fig. 1. Since the quantity

of interest is the change of reflection due to
the perturbation, the slide-screw tuner is

used to tune out reflections before inserting

the bead. The difference of the crystal cur-

rents is proportional to AZ 1r [cos ~, where

A is the amplitude of the reference signal

from the generator, r is the reflection of the

bead and $ is its phase. The phase of I’ for
each bead location is determined by setting
the precision phase shifter to achieve a null
signal and the reflection amplitude by
measuring the maximum unbalance signal.
For a dielectric bead, Steele shows that
r =k E2 exp(2i@)/F, where E and %are the

amplitude and the phase of the electric field

at the bead and P; is the input power. While
the constant k is calculable for simple solids

of revolution, it is often more convenient to

calibrate a bead in a structure of known

properties such as the uniform input wave-

guide to the test structure or a cavity con-
sisting of a right circular cylinder.

As with any perturbation measurement,

the perturbation must be small. The magni-
tude of the reflection coefficient must be
much less than unity and the product of the
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the symmetry properties of the couplers for
the SLAC accelerator sections. Althou~ h the

accelerator section itself has cylindrical
symmetry, the power is fed into the coupler

from a waveguide iris on cme side. An elec-

tron passing through an accelerator section
is given a transverse impulse proportional

to the line integral along the electron path

of the quantity jdE,/dx, where the complex
quantity E. is the coupler field. The mea-

surement of the phase was made by l<!. P.
Borghi and G. A. Loew with a precision of

about O.1“ using the technique described be-
fore. A transverse phase shift of about 10

was observed, which was large enough to
require design changes in the SLAC ac-

celerator [2].
In waveguide two-ports, an additional

useful measurement may be made. The per-
turbing bead may be represented as a shunt

susceptance which introduces equal forwud-

and back-scattered waves in a running

wave. The back-scattered wave is observed
at the input; as shown by Steele, it is a
measure of the square of the field, nor-
malized to the input power. The f orw tard-

scattered wave is observed as a phase shift
at the output; it is a measw-e of the square

EREl---OUTPUT = AZ I r / COS @
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Fig. 1. Reflection perturbation measurement.

propagation constant associated with any

coordinate by the length of the bead along
that coordinate must be much less than
unity (i.e., the bead must be much smaller
than a wavelength). Furthermore, to avoid

image effects, the distance from the walls of

the structure to the bead must be large com-
pared with the bead dimensions.

The technique is most useful in traveling-

wave structure in which either 1) the struc-
ture is sufficiently irregular that the stand-

ing-wave pattern produced by resonating
the structure masks the significant phase
and field strength distributions, or 2) the
loss is so high that the structure will not
support a resonance of high Q-factor, well-
separated from adjacent resonances.

One example of the first type was the
measurement of fields in a high-power wave-
guide vacuum valve developed at Stanford

Linear Accelerator Center. The technique

was used by R. P, Borghi to measure the
peak fields in the valve, thus determining

the high power-handling capability.
Another example is the measurement of

of the field intensity, normalized to the
power flux at the bead [3], 14]. The ratio of
the two is a measure of the attenuation
from the input port to the bead.

The reflection and the transmitted phJ~se-
shift techniques were used by the authors

to calibrate a mockup of the tapered disk-

loaded bunching section of an X-band elec-
tron linear accelerator buncher. 1

Measurement of the reflection from a

perturbing bead allowed direct determi na-
tion of the phase velocity and field strength
on the axis of the Structur(i. The ratio, to
the measurement of transmitted phase shift
allowed a check of the predicted value of
attenuation. Errors of phase velocity, f] eld
strength, and internal matrhing were dis-
closed in the calibration measurement:, of

the mockup. Small corrections were com-
puted and the final accelerator was ccm-

structed and remeasured.

1 The phase velocity was to vary from 0.5 C tO
1.0 c in the first five wavelength~ of the struct lure.
The field strength was to increase by a factor of :7 in
the same distance.


